A mathematical model of biotransformation of D-methionine into L-methionine in the cascade of the enzymes such as, D-amino acid oxidase (D-AAO), L-phenylalanine dehydrogenase (L-PheDH) and formate dehydrogenase (FDH) is discussed. The model is based on a system of coupled nonlinear reaction equations under non steady-state conditions for biochemical reactions occurring in the batch reactor that describes the substrate and product concentration within the catalyst. Simple analytical expressions for the concentration of substrate and product have been derived for all values of reaction parameters using the new homotopy perturbation method (NHPM). Enzyme reaction rate in terms of concentration and kinetic parameters are also reported. The analytical results are also compared with experimental and numerical ones and a good agreement is obtained. The graphical procedure for estimating the kinetic parameters is also reported.
INTRODUCTION
The development of cascade conversions (i.e. enzyme membrane catalytic reactions without intermediate recovery steps as taking place in living cells) is considered as one of the important future directions for carrying out sustainable organic syntheses with inherently safer designs. 1, 2 Hence, the enzyme is very important for the industrial application in the purification and determination of certain amino acids. Bae et al., developed a multi-enzyme system composed of glutamate race mase, thermo stable d-amino acid amino transferase, glutamate dehydrogenase and formate dehydrogenase for the production of aromatic d-amino acids, d-phenylalanine and d-tyrosine, from the corresponding α-keto acids, phenylpyruvate and hydroxyl phenylpyruvate, respectively. 3 Hummel et al. discussed the biocatiytic membrane reactors using laboratory scale in enzyme systems. Mathematical models for separate reactions steps, as well as for the complete system are developed and validated in the batch reactor experiments. 4 Enzymes are large complex protein molecules, which proceed as a catalyst to speed up chemical reactions in living organisms. In biochemistry, Michaelis-Menten kinetics is one of the simplest and important models to enzyme kinetics. In this model the rate of enzymatic reactions is a nonlinear function of concentration of a substrate. Also these reactions are essential in biochemistry because most of cell processes need enzymes to find a significant rate. 5, 6 The mathematical model of mono-enzymatic biosensor involving Michaelis-Menten kinetics is presented. 7 The theoretical model for amperometric enzymes reactions for steady state condition is discussed and the various analytical methods for solving the non-linear reaction diffusion equation in enzyme biosensors has been reviewed recently. 8 The approximate expression of steady state current for amperometric polymer molecular electrodes for the first-order and zero-order kinetics using Danckwert's expression is derived. 9 The steady state concentration and current occurring at microdisk and the microcylinder enzyme electrodes for amperometric biosensor using homotopy perturbation method is obtained. 10 All the above models have two enzyme systems.
Mathematical modellings of two enzyme systems are quite common. 11, 12 But it is not easy in the case of three or more enzyme systems. Findrik et al. developed a kinetic model of amino acid oxidation catalyzed by a new D-amino acid oxidase from Arthrobacter protophormiae. In developing the enzyme-catalyzed reaction for large-scale production, mathematical modeling of the reaction of kinetics plays an important role. Therefore, the subject of this study is focused on the kinetics of the oxidative deamination, a very complex reaction system, which is catalyzed by D-AAO from Arthrobacter protophormiae using its natural substrate D-methionine and the aromatic amino acid 3,4-dihydroxyphenyl-D-alanine (D-DOPA). [13] [14] [15] Findrik et. al. have developed a mathematical model for biotransformation of D-methionine into L-methionine in the cascade of four enzymes systems. 1 This model is formulated as a set of non-linear differential equations describing the mass balance of the concentration of D-methionine, 2-oxo-4-methylthiobutyric acid, L-methionine, ammonium, nicotinamide adenine dinucleotide coenzyme and nicotinamide adenine dinucleotide hydrogen. It is observed that even though the results are compared with experimental results, they are only be obtained at discrete points depending on the step size provided. This creates a shortcoming since four cascade enzyme models are represented as a dynamical system using coupled PDE.
However, to the best of our knowledge, till date there is no general analytical result corresponding to the non-steady state concentration for four enzyme system has been reported. The purpose of this communication is to derive the analytical expression of concentration of four enzyme systems based on new homotopy perturbation method. This is an effective tool for solve the nonlinear problems in chemical sciences. 16 These analytical results are helpful to understand the mechanism and physical effects of parameters through the model problem. It is also useful to validate the numerical results and the experimental data.
NOMENCLATURE

Symbol
Meaning r 1 Enzyme reaction rate of 
D-AAO Kinetics
Mass balances equations for D-methionine and 2-oxo-4-methylthibutyric acid, in the batch reactor with the Michaelis-Menten kinetics are formulated as:
The enzyme reaction rate of D-AAO catalyzed by D-methionine oxidation (r 1 ) is
The initial conditions for above equations (1) and (2) 
L-PheDH Kinetics
In this case, the rate equations of concentration of L-methionine, 2-oxo-4-methylthiobutyric acid, ammonium, nicotinamide adenine dinucleotide and nicotinamide adenine dinucleotide hydrogen are given as follows: 
FDH Kinetics
In this case, the mass balance equation for formate, nicotinamide adenine dinucleotide coenzyme and nicotinamide adenine dinucleotide hydrogen oxidase enzyme membrane reactor are represented as follows: 
RESULTS AND DISCUSSION
D-AAO Kinetics
Equations 5 and 6 are the new and simple approximate analytical expression of the concentrations of D-methionine and 2-oxo-4--methylthiobutyric acid. The rate of reaction can be determined from the graphs for a specified time, by measuring the gradient of the graphs using a tangent. 
L-PheDH Kinetics
Equations 17-21 represent the analytical expressions of the concentrations of L-methionine, 2-oxo-4-methylthiobutyric acid, Ammonium, Nicotinamide adenine dinucleotide and Nicotinamide adenine dinucleotide hydrogen. Figures 3(a)-3(g) Figures 3(c) and 3(f) , it is noted that the concentrations of L-methionine and Nicotinamide adenine dinucleotide decreases when the parameter g L-PheDH increases. From Figures 3 (d) , (e) and 3(g), it is obvious that the concentration of 2-oxo-4-methylthiobutyric acid, Ammonium and Nicotinamide adenine dinucleotide hydrogen increases when the parameter g L-PheDH increases. Our analytical results for enzyme reaction rate (r 2 ) versus the concentrations of 2-oxo-4-methylthiobutyric acid, Nicotinamide adenine dinucleotide hydrogen, Ammonium are compared with experimental results for some fixed values of parameters in Figures   4(a)-4(c) . The enzyme reaction rate (r 3 ) versus the concentrations of L-methionine, Nicotinamide adenine dinucleotide and Nicotinamide adenine dinucleotide are compared with the experimental results for some fixed values of other parameters in Figures 4(d)-4(f) .
FDH Kinetics
Equations 27-29 identify the analytical expressions of the concentrations of formate, Nicotinamide adenine dinucleotide and Nicotinamide adenine dinucleotide hydrogen. Figure 5(a) 
Estimation of Kinetic Parameters
To check the validity of the model against the experimental . As K i tends to infinity the equation reduces to the form of Michaelis-Menten kinetics 10 for which the Lineweaver-Burk plot 17 is commonly used to determine the parameter values. Table 1 Figure
FDH kinetics (a) Comparison between the theoretical results (Equations(28) and (29)) and simulation results. (b) Concentration of Nicotinamide adenine dinucleotide (Equation 28), (c) Nicotinamide adenine dinucleotide hydrogen (Equation 29) versus time t. (d-f) Comparison of theoretical results with the experimental results
1 for the reaction rate r 4 .The numerical value of the kinetic parameters used for the above figure is given in Table 3 Figure
(a) Variation of the concentration of 2-oxo-4-methylthiobutyric acid (c 2-oxo ) with time t at different g D-AAO using Equation 34. (b) Variation of the concentration of ammonium (c NH 4 +) with time t at different g D-AAO using Equation 35
Also the rate equation (1) Table 3 Estimation of parameter from our analytical result Eqn (5 )
The Equation 
CONCLUSIONS
A non-linear time dependent reaction equations in enzyme kinetics have been solved analytically using new Homotopy perturbation method. In this paper we have presented approximate analytical expression of the concentration of 2-oxo-4-methylthiobutyric acid, L-methionine, Ammonium, Nicotinamide adenine dinucleotide, Nicotinamide adenine dinucleotide hydrogen and Formate. The analytical expressions are compared to the numerical simulation using Scilab software. Good agreement is noted. Theoretical evaluation of the kinetic parameter is also reported.
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